The X-ray emission characteristics of a vacuum spark device operated with anode materials of various atomic numbers were studied. The temporal evolution of the X-ray emission was recorded by using five channels of high-speed PIN X-ray diodes. A time-integrated X-ray spectrometer was used to record the spectral distribution of the X-ray emission. The electron temperatures of the aluminium, copper and tin vacuum spark plasmas were determined by using the X-ray absorption ratio method and were found to be in the range of 1 to 3 keV for aluminium plasma, 5 to 9 keV for copper plasma and 12 to 14 keV for tin plasma.
Introduction
Radiations with short wavelengths offer great opportunities for advancement in science and technology. The applications of X-rays are well known in medicine, industrial inspection, manufacturing of semiconductor materials and devices, optics, X-ray lithography, biological reaction studies, highly stripped ion spectroscopy, surface treatment as well as plasma diagnostics [1] .
Vacuum Spark is an excellent pulsed radiation source emitting intense hard and soft Xrays, UV and extreme ultraviolet (EUV). It produces a high density high temperature pulsed plasma formed between two properly shaped electrodes by the discharge of electrical energy stored in a capacitor [1] [2] [3] [4] [5] . The vacuum spark is known to be low cost and simple in operation. The X-ray emission from vacuum spark plasma is characterized by high intensity and a wide spectral range, the emission times is around a few nanoseconds. The temperature of vacuum spark plasma was estimated to be in the range of keV [1] [2] [3] 6] .
In this paper, the X-ray emission from vacuum spark plasmas obtained by using anode materials with low, medium and high atomic numbers has been investigated. These include aluminium (Z = 13), copper (Z = 29) and tin (Z = 50). The electron temperatures of these plasmas have also been determined from the X-ray absorption ratio method. Figure 1 schematically illustrates the experimental setup of the vacuum spark system used in the current study [1] . The vacuum spark system is powered by a single 1.85 µF, 60 kV Maxwell energy storage capacitor. This system is an optimized and scaled down version of an earlier system in the Plasma Technology Research Centre, university Malaya [4] . The vacuum spark electrode system consists of a stainless steel hollow cathode with an aperture (7.0 ± 0.3 mm) along the axis and a replaceable anode with diameter of 5.5 ± 0.2 mm.
Experimental Setup
In this series of experiments the vacuum spark was operated with aluminium, copper and tin anodes. A diffusion pump backed by a rotary pump was employed to pump down the discharge chamber to a pressure of below 10 -4 mbar. The inter electrode distance can be adjusted by varying the anode position. The combination of inter electrode distance d = 4.6 mm and discharge voltage V = 20 kV was selected since the x-ray emission was found to be most reproducible under this condition [7] .
A magnetic probe was used to monitor the time variation of the discharge current simultaneously with the 5 channels BPX65 PIN diodes. The temporal evolution of the X-ray pulses generated by the vacuum spark device can be observed from the signals registered by the PIN diodes which were mounted at the end-on position along the axis of the electrode system. A system of five filtered diodes was also employed to obtain an estimate of the electron temperature of the plasma by the X-ray absorption ratio method [1, [8] [9] [10] . The glass window of the BPX65 PIN diode had been removed for detection of X-ray emission. All diodes were covered by a layer of 24 μm aluminized mylar as base filter to reject photons in the visible range. Additional aluminium foils with different thicknesses of 20 µm, 50 µm, 80 µm, 100 µm covered four of the diodes. The sensitivities of PIN diodes were normalized to obtain their signals simultaneously from plasma discharge when all diodes were covered with 24 µm aluminized mylar only. The implementation scheme of the X-ray absorption ratio method is similar to those employed in previous work [1] .
To record the time-integrated X-ray spectrum the XR100CR X-ray spectrometer was employed. The XR100CR X-ray spectrometer has a spectral response for photon energy in the range of 2 keV to 150 keV. It was mounted at 5 cm from the plasma through a side-on port of the vacuum spark chamber as shown in Figure 1. 
Results and Discussion
Three types of vacuum spark plasma with different emission characteristics were observed and reported in our previous work [1] . These observations are summarized as follows. The first type of discharge had weak or no plasma pinching event and the X-ray emission was not observed during the main capacitor discharge. An intense burst of X-ray observed just before the main capacitor discharge was generated due to the bombardment of the energetic electron beam associated with the pre-breakdown transient hollow cathode effect. The X-ray emitted is dominated by the copper K α line radiation. The second type of discharge was associated with moderately good pinching of the plasma. A dip in the discharge current was observed and consequently moderately strong X-ray emission was observed.
Fig1. Schematic of the vacuum spark system. The five-channel diode X-ray spectrometer is installed at the top end-on position of the vacuum spark system 015052-2 JPS Conf. Proc. , 015052 (2014) Spectral measurement shows that the X-ray emitted is dominated by the free-free and freebound continuum. In the third type of discharge, severe pinching leading to plasma instabilities such as the m=0 instability. The bombardment of energetic electron beam generated by this instability gives rise to intense K α line radiation that dominates over the continuum emitted by the plasma [1] . For this paper, we focus on the second type of discharge where intense continuum X-ray emission from the plasma is observed. In this case, it is possible to obtain the electron temperature of the plasma by the X-ray absorption ratio method.
The temporal evolution of typical X-ray pulses registered by the 5 channels PIN diodes with different thicknesses of Al foils for discharges with P =10 -4 mbar and operating voltage of 20 kV are plotted in Figures 2a, 3a and 4a for aluminium, copper and tin anode respectively. The corresponding time-integrated X-ray spectra registered by the XR100CR spectrometer are also shown in Figures 2b, 3b and 4b respectively.
The final hot plasma of the vacuum spark discharge is believed to be produced due to Zpinch effect as evident from the slight current dip which occurs around the peak of current signal. The time of occurrence of the pinch during which intense X-ray pulse is observed, is found to be dependent on the atomic number (Z) of the anode material. Specifically, the pinch is observed to occur at 0.23 µs after the start of the discharge current, before the peak of discharge current for aluminium plasma as shown in Figure 2 (a). For copper and tin the times of occurrence of the pinched plasmas are 0.27 µs and 0.36 µs respectively after the start of the discharge current as shown in Figures 3(a) and 4(a) .
The electron temperatures of the aluminium, copper and tin plasmas deduced from a series of experiments are in the ranges of 1 to 3 keV, 5 to 9 keV and 12 to14 keV, respectively. 
Conclusion
From a series of experiments carried out for vacuum spark discharges with aluminium, copper and tin anode, we demonstrate that the vacuum spark is capable of producing metallic plasmas with wide range of electron temperature ranging from 1 to 14 keV. The X-ray emission spectral range can be tuned by changing the anode material and in the case of tin anode X-ray photons up to 18 keV have been observed with corresponding electron temperature of as high as 14 keV.
